Abstra ct
The presence of a distal ileal and colonic peptide with glucagon-like immunoreactivity, termed enteroglucagon, was originally demonstrated when antisera raised against the pancreatic hormone glucagon were found to react with intestinal endocrine L cells. 1 However, the molecular structure of enteroglucagon was not known and serum concentrations were derived by subtracting pancreatic glucagon concentrations from total glucagon-like immunoreactivity. Later it was found that tumours producing peptides with glucagon-like immunoreactivity were associated with intestinal mucosal hyperplasia, and the search for specific peptides related to intestinal adaptation after resection has been intensive. 2 3 Recently published data indicate that glucagon-like peptide 2 (GLP-2) is a highly specific intestinotrophic mediator in rodents [4] [5] [6] although glicentin and oxyntomodulin are the peptides responsible for glucagonlike immunoreactivity initially described. 7 8 Glicentin, oxyntomodulin, GLP-2, and glucagon-like peptide 1 (GLP-1) are secreted via post-transitional processing of proglucagon from L cells of the distal small intestine 9 and possibly in the colon, 10 11 whereas glucagon, glicentin related pancreatic peptide, and the major proglucagon fragment are produced by diVerential processing of proglucagon in the pancreatic A cells.
It has been speculated that L cells, through secretion of proglucagon derived peptides, may serve as sensors in the distal intestine providing feedback to the upper intestine to optimise nutrient and fluid absorption. Thus increasing loads of nutrients or fluid into the ileum and colon may stimulate secretion of glicentin, oxyntomodulin, GLP-1, and GLP-2. Whereas the biological activity of glicentin and oxyntomodulin remain controversial, 12 GLP-1 is a insulinotrophic hormone 13 14 and also inhibits gastric secretion and motility by inhibiting central parasympathetic outflow. 15 In addition to mediating increased jejunal absorption through induction of jejunal epithelial proliferation, GLP-2 has been shown to decrease gastric emptying, 16 increase intestinal transit time, and inhibit sham feeding induced gastric acid secretion. 17 Administration of a potent protease resistant analogue of GLP-2 augmented the adaptive response to massive intestinal resection in rodents, 18 and postresectional intestinal growth correlates with circulating GLP-2 levels. 19 Therefore, GLP-1 and GLP-2 may prove to be important factors in the adaptive processes in the remnant intestine following intestinal resection.
In patients with a jejunostomy suVering from intestinal failure, circulating levels of GLP-2, which normally increase following nutrient ingestion, have been demonstrated to be low. 20 This is in accordance with the modest increases (at most 20-30%) in the markers of the adaptive response in the jejunal remnant after ileectomy. 21 In general, patients with less than 100-150 cm of jejunum need parenteral support whereas as little as 50 cm may be sufficient to avoid parenteral support if the colon is intact. [22] [23] [24] Thus preservation of the colon seems to be beneficial in the adaptive process following intestinal resection. 25 This phenomenon has been explained by colonic fermentation, mainly of carbohydrates, production of short chain fatty acids, and the digestive function of the colon as small bowel failure proceeds. 26 The fact that patients with a preserved colon compared with those without a colon have a decrease in fat excretion in extreme situations when less than 50 cm of the small bowel is functioning, 26 combined with the fact that long chain fatty acids are not absorbed in the human colon, indicate the existence of an unknown eVect of a preserved colon on small bowel absorption. To investigate if GLP-1 and GLP-2 contribute to the positive eVects of a preserved colon on small bowel adaptation and function in patients with severe malabsorption, we investigated circulating levels of GLP-1 and GLP-2, as well as total glucagon immunoreactivity (mainly enteroglucagon), in the fasting state and after ingestion of a meal in seven ileum resected short bowel patients with preserved colonic function and seven age and sex matched controls.
Material and methods

PATIENTS
Seven short bowel patients (<140 cm remnant small bowel) and seven healthy age and sex matched controls were recruited. Four of the patients had a jejunoileo-colonic anastomosis with an intact ileocaecal valve but none had more than 10 cm of ileum preserved. The last three patients had a jejuno-colonic anastomosis. All patients had more than 57% of their colon intact, 27 and all except one patient with a sigmoidostomy had preserved rectoanal function. Characteristics of the patients and control subjects are compared in table 1. Four females and three males were studied in both groups. There were no diVerences in age between groups in accordance with pair selection of the control subjects, and no diVerences in weight, height, body mass index, or basic metabolic rate (BMR), calculated using the HarrisBenedict equations. 28 In patients, the causes that led to short bowel syndrome were mesenteric infarction (n=3), Crohn's disease (n=2), midgut volvulus (n=1), and intestinal bypass operation due to familial hypercholesterolaemia (n=1). None of the patients with Crohn's disease had clinical or biochemical signs of active disease, and none of the patients or control subjects had undergone stomach or duodenal surgery. The length of the remnant small intestine from the ligament of Treitz had been measured intraoperatively in all patients. In patients, the length of the remnant small bowel averaged 89 cm (range ) and the remnant colon 84% (range 57-100%). All patients were considered to be in a stable phase. The last small bowel resection had been performed 10.3 years before the study (range 0.8-18.1). The two patients with Crohn's disease received parenteral support and had done so for nine and seven years, respectively. One of these patients received only saline whereas the other also received parenteral nutrition.
All patients were closely monitored and had continuity of care as participants in the programme for patients with intestinal insuYciency and failure at Rigshospitalet, Copenhagen. 29 As part of the programme, intestinal absorption had been measured within two years before entering the study. 30 During a 48 hour balance period spontaneous energy and wet weight intake, faecal energy, and weight loss were measured. Analysis was performed on homogenised and freeze dried aliquots of dietary and faecal samples. Dietary and faecal energy was determined by bomb calorimetry in an IKA adiabatic calorimeter, model C 4000 A (IKA-Analysentechnik, Heitersheim, Germany), whereas carbohydrates, fat, and protein were determined as previously described. 31 32 The results of the balance studies are given in table 2 and compared with the results of the balance studies in seven short bowel patients with a jejunostomy previously described. 20 The need for parenteral supplements in the two patients with Crohn's disease was evidenced by an intestinal wet weight absorption of only 0.8 kg/day in both patients, with energy absorption providing 72% and 137% of BMR.
STUDY PROTOCOL
Patients and healthy controls were admitted for a test meal after an overnight fast prior to admission. Before the test meal, height and fasting body weight of the patients and controls were measured. All were given a large but standard breakfast consisting of rye bread, toast, butter, cheese, jam, yoghurt, banana, and orange juice (total weight 755 g), with an energy content of 3.92 MJ (936 kcal) and a protein:carbohydrate:fat energy ratio of 10%:52%:37% evaluated from food tables. after the start of the meal, which was completed in 15 minutes. None of the control subjects was receiving any medications on a regular basis prior to the study. The two patients receiving parenteral support received their usual supplements and medication the night before admission. All other patients took their usual medication prior to admission.
HORMONE ANALYSIS
Blood samples were collected in ice chilled 10 ml tubes containing ethylenediaminetetraacetic acid (EDTA) and a specific dipeptidyl peptidase IV inhibitor, valine pyrrolidide (a generous gift from R D Carr and A Kanstrup, Novo Nordisk A/S, Bagsvaerd, Denmark), in final concentrations of 3.7 mmol/l and 0.01 mmol/l, respectively. The tubes were immediately shaken, subsequently kept on ice, and centrifuged at 4°C for 10 minutes within 45 minutes of collection. Plasma was separated and stored at −20°C until analysed.
For GLP-2 measurements, plasma aliquots were extracted by ethanol precipitation (75% v/v, final concentration). We used a specific NH 2 terminal radioimmunoassay as previously described 16 : antiserum 92160 was used in a final dilution of 1:35000, the standard was recombinant human GLP-2, and the tracer was synthetic bovine GLP-2 with a Thr→Tyr substitution in position 12, 125 I labelled using the standard stoichiometric chloramine T method. Free and bound moieties were separated with plasma coated charcoal. The experimental detection limit was 5 pmol/l, and the intraassay coeYcient of variation was 5% at a concentration of 40 pmol/l. Because of interassay variation of 10-20%, all samples were analysed in one batch, blinded to their source. 34 GLP-1 was measured as previously described 35 using antiserum 89390 measuring the amidated COOH terminus of GLP-1(7-36NH 2 ), standards, and 125 I labelled tracer GLP-1(7-36NH 2 ). An insignificant amount of GLP-1(1-36 NH 2 ) is secreted from the pancreas which is also measured by the assay. However, this contribution is of negligible importance compared with intestinal secretion. 36 For measurements of GLP-1, plasma aliquots were extracted by ethanol precipitation (70% v/v, final concentration). Total glucagon immunoreactivity was measured using a side viewing antiserum 4304 which cross reacts with equal strength with all peptides that contain the glucagon sequence-that is, pancreatic glucagon and enteroglucagon (glicentin and oxyntomodulin). Plasma aliquots were extracted by ethanol precipitation (61% v/v, final concentration). We used 125 I labelled glucagon as tracer and highly purified porcine glucagon as a standard as previously described. Results are expressed as median (25% and 75% percentiles). GLP-1, GLP-2, and total glucagon immunoreactivity responses, increments, and areas under the curves in short bowel patients were compared with results in control subjects using a non-parametric MannWhitney rank sum test at all sample times. A Friedman repeated measures analysis of variance on ranks was used to detect diVerences in the responses within the two groups at the different sampling times, and a multiple pairwise procedure was used as the post hoc test to compare responses at all sampling times in relation to baseline values (−15 minutes). The SigmaStat for Windows Version 2.0 (Copyright 1992-1995, Jandel Corporation, Erkrath, Germany) was used for statistical calculations. A value of p<0.05 was considered significant.
Results
Fasting plasma concentrations of GLP-2, GLP-1, and total glucagon immunoreactivity (pancreatic glucagon, glicentin, and oxyntomodulin) and changes in response to breakfast are given in fig 1.
GLP-2
In control subjects, median GLP-2 concentrations increased from a baseline value of 23 pmol/l to a peak concentration of 60 pmol/l at 60 minutes. A significant postprandial increase in plasma GLP-2 concentration was demonstrated at all times (p<0.05) compared with baseline values, except at 180 minutes where GLP-2 concentrations returned to baseline. In short bowel patients with a preserved colon, the median baseline GLP-2 value (72 pmol/l) was more than threefold higher compared with control subjects (p=0.001). Thus six of seven patients had baseline values of GLP-2 above 54 pmol/l, which was the upper limit of baseline values in the control subjects. The three short bowel patients with a jejunocolonic anastomosis had baseline GLP-2 concentrations exceeding 68 pmol/l and thus did not diVer from patients who retained 10 cm of ileum at most and a preserved ileocaecal valve. Plasma GLP-2 concentrations remained high throughout the study in patients and were significantly higher than control subjects at 10, 120, and 180 minutes (all p<0.01). Although a postprandial meal stimulated increase in median GLP-2 responses was seen in short bowel patients, this did not diVer significantly from baseline values (p=0.77). The calculated area under the curve was significantly larger after the test meal in the short bowel patients with a preserved colon compared with control subjects (median (25%-75%)): 21 078 (14 811-26 610) min×pmol/l versus 11 150 (7151-12 801) min×pmol/l (p= 0.01). When the diVerences in baseline values were adjusted to compare meal stimulated GLP-2 changes in patients and control subjects, the increase in GLP-2 was defined as the actual GLP-2 value minus baseline values. There was no significant diVerence in the area under the increment curves in patients and controls (−473 (−3221 to 5050) min×pmol/l versus 4198 (3603-6379) min×pmol/l, p=0.17).
GLP-1
In control subjects, median GLP-1 responses increased from a baseline value of 5 pmol/l to a peak concentration of 17 pmol/l at 10 minutes. A significant postprandial increase in plasma GLP-1 concentrations was demonstrated at all times (p<0.05) compared with baseline values. In short bowel patients with a preserved colon, the median baseline GLP-1 value was twofold higher compared with control subjects (p=0.01). Plasma GLP-1 concentrations remained high throughout the study in patients and were significantly higher than those in control subjects at 90, 120, and 180 minutes (all p<0.05). Although a postprandial meal stimulated increase in median GLP-1 responses was seen in short bowel patients, this did not diVer significantly from baseline values (p=0.26).
The calculated area under the curve was significantly larger after the test meal in short bowel patients with a preserved colon compared with control subjects (median (25%-75%)): 3418 (2966-6850) min×pmol/l versus 2478 (1929-3199) min×pmol/l (p=0.04). There was no significant diVerence in the area under the increment curves in patients and controls (2128 (598-4969) min×pmol/l versus 1558 (1388-1872) min×pmol/l, respectively (p=0.62)).
TOTAL GLUCAGON IMMUNOREACTIVITY (PANCREATIC GLUCAGON, GLICENTIN, AND OXYNTOMODULIN)
In control subjects, median concentrations of total glucagon immunoreactivity increased from a baseline value of 19 pmol/l to a peak concentration of 32 pmol/l at 45 minutes. A significant postprandial increase in plasma concentrations of total glucagon immunoreactivity was demonstrated at 45 and 60 minutes (p<0.05) compared with baseline values. No significant diVerences in median baseline concentrations of total glucagon immunoreactivity were demonstrated between controls and short bowel patients with a preserved colon. Plasma concentrations of total glucagon immunoreactivity remained constant throughout the study in the patients and were significantly higher than control subjects only at 180 minutes (p=0.04). Although a postprandial meal stimulated increase in median concentrations of total glucagon immunoreactivity was seen in short bowel patients, this did not diVer significantly from baseline values (p=0.08).
The calculated area under the curve did not diVer significantly after the test meal in short bowel patients with a preserved colon compared with controls (median (25%-75%)): 8693 (6140-12515) min×pmol/l versus 5403 (4260-8825) min×pmol/l (p=0.10)). There was no significant diVerence in the area under the increment curves in patients and controls (3250 (260-7006) min×pmol/l versus 913 (83-1813) min×pmol/l) (p=0.21).
No significant correlation was observed between the amount or concentration of faecal long chain fatty acids and baseline values of GLP-1, GLP-2, or total glucagon immunoreactivity.
Discussion
This is the first study describing elevated plasma concentrations of GLP-1 and GLP-2 GLP-2 GLP-1 TGLI ***following meal stimulation in ileum resected short bowel patients with a preserved colon. In a recently published study, we demonstrated normal baseline concentrations but a severely impaired meal stimulated GLP-2 response in ileum resected short bowel patients with a jejunostomy using the same study design. 20 The remnant jejunal length in these patients (mean (SD)) was 111 (53) cm which did not diVer significantly from the remnant small bowel in the ileum resected short bowel patients with a preserved colon in this study (89 (42) cm) (p=0.39). In contrast with the seven patients with a jejunostomy described previously, four of the seven short bowel patients with a preserved colon in this study also retained 10 cm of ileum at most. However, the remaining three patients with a jejuno-colonic anastomosis had equivalently high baseline GLP-2 concentrations and therefore it seems unlikely that the increase is related solely to the presence of a short (<10 cm) ileal segment in the four patients. Although GLP-1 and GLP-2 under normal conditions are believed to be produced mainly by the enteroendocrine L cells of the distal small intestine, 9 it seems that L cells located in the human colon are capable of significant GLP-1 and GLP-2 secretion when all or large parts of the ileum are surgically removed.
Figure 1 Meal stimulated glucagon-like peptides 1 and 2 (GLP-2, GLP-1), and total glucagon-like immunoreactivity (TGLI) responses (pmol/l) in patients and controls. Results are median (25-75%
Intestinal absorption was measured before entering the study in the short bowel patients with a preserved colon and compared with patients with jejunostomies previously described (table 2) . Absorption of long chain fat tended to be higher in patients with a preserved colon compared with those with a jejunostomy (0.8 v 0.6 MJ/day; p=0.053) (table 2) although no significant diVerences in remnant small bowel length were observed between the two groups. Large amounts of long chain fat, carbohydrates, and protein were malabsorbed from the jejunum into the colon in the ileum resected small bowel patients in this study (table 2) , and a significant fraction of these macronutrients pass through the colon unabsorbed and may stimulate L cells in the colon. The nature of the L cell stimulating agent in normal humans was investigated by Xiao and colleagues. 38 They demonstrated increased GLP-2 levels after carbohydrate and fat meals in normal subjects whereas a protein meal had no eVect. This is in keeping with the direct stimulatory eVects of both glucose and long chain monounsaturated fatty acids described in the rat L cell. 39 40 In normal humans receiving a mixed meal, the GLP-2 response and duration depend on meal size. 20 It is possible that suYcient digestion and absorption of macronutrients in the duodenum and jejunum prevents stimulation of the ileal and colonic L cells and thereby GLP secretion. In conditions with a high nutrient load or impaired jejunal or ileal function, macronutrients may pass more distally in the gastrointestinal tract before being absorbed, thereby triggering GLP secretion from ileal or colonic L cells. However, because plasma levels of GLPs rise rapidly after nutrient ingestion, before nutrients reach the ileum a more complex neuroendocrine loop involving the enteric nervous system, aVerent and eVerent vagus nerves, as well as duodenal hormones may be involved. 39 41 Elevated baseline GLP concentrations observed in the ileum resected short bowel patients in this study may be explained by the presence of fat or carbohydrate in the colon even after overnight fasting. Long chain fat is not absorbed in the colon 32 but no significant correlation was observed between the amount or concentration of faecal long chain fatty acids and baseline values of GLP-1, GLP-2, or total glucagon immunoreactivity in this study. However, measurements of intestinal absorption were performed prior to admission on their habitual diet. Most of the carbohydrates and protein malabsorbed in the small bowel is fermented into short chain fatty acids which are readily absorbed in the colon. 26 intracolonically, 45 46 and intravenously. 47 The mechanism of this growth during peroral administration has previously been related to provision of preferred oxidative fuels to the intestinal mucosa: butyrate directly to the colon, 45 and via hepatic metabolism of short chain fatty acids, glutamine to the small bowel. 48 However, Sakata demonstrated that short chain fatty acids given into the hindgut lumen indirectly stimulated epithelial cell proliferation of an isolated and denervated jejunal segment of the rat. 49 He suggested that the trophic eVects in the small intestine may be hormonally mediated through release of gastrointestinal regulatory peptides. Furthermore, short chain fatty acid supplemented parenteral nutrition has been demonstrated to increase proglucagon abundance, 50 and this abundance together with increased concentrations of proglucagon derived peptides have been demonstrated to be strongly correlated with cellular proliferation during intestinal adaptation. [51] [52] [53] [54] Thus although long chain fatty acids and carbohydrates are possible stimulants of GLP secretion, it is intriguing to speculate on a relationship between ongoing colonic fermentation, production and absorption of short chain fatty acids, and elevated levels of GLPs. In the present study, the significance of colonic fermentation, and production and absorption of short chain fatty acids is illustrated by increased absorption of carbohydrates (approximately 2.5 MJ/day) in the ileum resected short bowel patients compared with the group of patients with jejunostomies (table 2) .
Elevated baseline levels of GLP-2 may have contributed to the trend observed regarding the increase in small bowel absorption of long chain fatty acids in short bowel patients with a preserved colon compared with the short bowel patients with a jejunostomy (table 2) . With the pronounced malabsorption of the test meal into the colon, a larger meal stimulated GLP-2 increase is expected compared with controls, but in contrast, a diminished response could also have been anticipated in a GLP-2 secreting system already "exhausted" by near maximal secretion. We found almost identical meal stimulated GLP-2 responsiveness in short bowel patients compared with controls, but the reason for this awaits further investigation.
The importance of luminal nutrients and particularly non-digestible components of the diet on intestinal growth and adaptation has previously been emphasised. [55] [56] [57] [58] [59] However, several gastrointestinal regulatory peptides, including gastrin, peptide YY, enteroglucagon, neurotensin, 60 61 epidermal growth factor, and others, have been considered as potential candidates in the regulation of intestinal mucosal growth and adaptation. The relative eYcacy and importance of the various specific growth factors in the control of small bowel proliferation remains to be determined. In contrast with the majority of these growth factors, the growth promoting properties of GLP-2 appear to be highly tissue specific, with proliferation detected only in the intestine.
Comparing short bowel patients with and without a preserved colon, there is a striking diVerence in gastric emptying. 62 Rapid early gastric emptying of liquid is described in patients with a jejunostomy which contrasts with findings in patients with a preserved colon in whom gastric emptying is normal. Thus in the absence of much of the small intestine, the colon has been shown to act as a brake to gastric emptying. The mechanism could be neural or humoral, and so far peptide YY, produced by the terminal ileum and colon, 63 has been suggested to be responsible for the colonic brake mechanism. 64 Whereas peptide YY and GLP-1 may play a part in the regulation of intestinal motility and transit that occurs in patients with a retained colon, the morphological adaptive changes are related only to GLP-2. 65 Elevated GLP-1 and GLP-2 concentrations demonstrated in this study support the recognition of the involvement of these two hormones in the regulation of intestinal transit.
In conclusion, elevated plasma concentrations of GLP-1 and GLP-2, evidenced by the larger areas under the curves following meal stimulation in ileum resected short bowel patients with a preserved colon compared with sex and age matched controls, suggest that these hormones may contribute to the positive eVects of a preserved colon in short bowel syndrome. It is important to emphasise that the patients in this study were nutritionally replete, and the conclusions therefore may not be applicable to the more critical times shortly after the onset of short bowel syndrome when the rate of adaptation is greatest. However, in these patients a correlation between the time from last surgery and the area under the curve for GLP-1 and GLP-2, as evidence of changes with time, could not be demonstrated. The role of GLP-2 in promoting intestinal growth makes it a potential useful treatment for patients with a short or damaged bowel. Ongoing clinical trials are focusing on the eVects of subcutaneous GLP-2 injections on jejunal morphological and functional adaptation in short bowel patients with a jejunostomy. The actions of GLP-1 and GLP-2 may oVer new perspectives in the treatment of short bowel patients with ileal and colonic resections, and these patients constitute the majority of the increasing number of patients with intestinal failure receiving home parenteral nutrition. 29 66 67 The technical assistance of Jette Christiansen and Dorte Christensen is greatly appreciated.
